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Abstract 26 
The purpose of this study was to investigate differences in Froude efficiency (ηF) and active drag 27 
(DA) between front crawl and backstroke at the same speed. ηF was investigated by the three-28 
dimensional (3D) motion analysis using ten male swimmers. The swimmers performed 50 m swims 29 
at four swimming speeds in each technique, and their whole body motion during one upper-limb 30 
cycle was quantified by a 3D direct linear transformation algorithm with manually digitised video 31 
footage. Stroke length (SL), stroke frequency (SF), the index of coordination (IdC), ηF, and the 32 
underwater body volume (UWVbody) were obtained. DA was assessed by the measuring residual thrust 33 
method (MRT method) using a different group of swimmers (six males) due to a sufficient 34 
experience and familiarisation required for the method. A two-way repeated-measures ANOVA 35 
(trials and techniques as the factors) and a paired t-test were used for the outcomes from the 3D 36 
motion analysis and the MRT method, respectively. Swimmers had 8.3 % longer SL, 5.4 % lower SF, 37 
14.3 % smaller IdC, and 30.8 % higher ηF in front crawl than backstroke in the 3D motion analysis 38 
(all p<0.01), which suggest that front crawl is more efficient than backstroke. Backstroke had 25 % 39 
larger DA at 1.2 m·s
-1 than front crawl (p<0.01) in the MRT trial. A 4 % difference in UWVbody 40 
(p<0.001) between the two techniques in the 3D motion analysis also indirectly showed that the 41 
pressure drag and friction drag were probably larger in backstroke than in front crawl. In conclusion, 42 
front crawl is more efficient and has a smaller DA than backstroke at the same swimming speed. (266 43 
words) 44 
  45 
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1 Introduction 46 
Competitive swimming techniques are categorised into alternating (front crawl and backstroke) and 47 
simultaneous group (butterfly and breaststroke). Within the alternating techniques, swimmers usually 48 
achieve a faster swimming velocity (v) in front crawl than in backstroke despite their similarity such 49 
as six-beat kick during each upper limb cycle, probably due to the energy expenditure difference at a 50 
given v (energy cost; C). A lower C in front crawl than backstroke at 1.0, 1.2, 1.4, and 1.6 m· s–1 has 51 
been reported (Barbosa et al., 2006). However, this was based on different groups of swimmers and 52 
potentially affected by anthropometric and skill level differences. To overcome this limitation, C of 53 
the two techniques has been compared using the same swimmers, and 15 % lower value in front 54 
crawl than in backstroke, despite the similar stroke frequency (SF) and stroke length (SL), has been 55 
reported (Gonjo et al., 2018). Mathematically, C is expressed as the equation below (Di Prampero et 56 
al., 1974;Zamparo et al., 2011). 57 
 58 
𝑪 = 𝑫𝑨 ∙ (𝜼𝑷 ∙ 𝜼𝑶)
−𝟏            (1) 59 
 60 
Where DA is the hydrodynamic resistance the swimmer experiences when actively propelling in the 61 
water (active drag), ηP is the propulsive efficiency, and ηO is the gross efficiency, and this equation 62 
shows that an increase in ηP and/or a decrease in DA contribute to low C (Zamparo et al., 2011). 63 
Therefore, the lower C in front crawl than backstroke suggests that the former technique has a higher 64 
ηP and/or a lower DA than the latter at the same v. ηP is the product of Hydraulic efficiency (ηH) and 65 
Froude efficiency (ηF) (Figure 1). ηH is affected by the internal power that is required to accelerate 66 
and decelerate the limbs relative to the centre of mass (CM). The internal power is only 10-15 % of 67 
the total mechanical power (Zamparo et al., 2005). Therefore, it is reasonable to assume that the 68 
primary factor determining variability in ηP is ηF when conducting within-participant testing. 69 
 70 
**Figure 1 around here** 71 
 72 
Since it is difficult to measure the total fluid and propulsive forces in swimming directly, methods of 73 
estimating ηF in both techniques are limited to mathematical models. The ratio of the mean v of CM 74 
(vCM) to the sum of the mean underwater three-dimensional (3D) speed of the left and right hands 75 
during the upper limb cycle has been suggested as an indicator of ηF (Figueiredo et al., 2013) – for 76 
the theoretical background of this approach, see Gonjo et al. (Gonjo et al., 2018). This approach has 77 
been used for both front crawl and backstroke at the same v, and it has been suggested that the former 78 
technique is more efficient than the latter at 95 % of the anaerobic threshold speed (Gonjo et al., 79 
2018).  80 
However, it is unclear if this is the case when swimming at a wide range of v. A negative within-81 
participants correlation (r = -0.45, p = 0.01) between ηF and the index of coordination (the lag time 82 
between the propulsive motion of the left and right upper limbs as a percentage of the cycle time; 83 
IdC) in front crawl swimming has been reported (Figueiredo et al., 2013). This lag time varies from 84 
positive (left and right propulsive upper limb motions overlap each other) to negative (there is a gap 85 
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between the propulsive motions) depending on v in front crawl (Chollet et al., 2000;Seifert et al., 86 
2004), while it is negative regardless of v in backstroke (Chollet et al., 2008). Given the relationship 87 
between ηF and IdC and the difference in IdC between the techniques, the magnitude of ηF difference 88 
between the two techniques probably differ depending on v.  89 
It should be noted that IdC is calculated differently depending on the swimming technique since the 90 
end of the propulsive motion is often defined as the hand exit from the water in front crawl (Chollet 91 
et al., 2000;Seifert et al., 2004), whereas in backstroke it is considered as the end of the second 92 
down-sweep motion (Chollet et al., 2008). In fact, when the end of backstroke propulsive motion was 93 
defined as the hand exit from the water (Schleihauf et al., 1988), an IdC value of 0.13 % that is close 94 
to front crawl IdC has been observed (Lerda and Cardelli, 2003). Therefore, to compare IdC between 95 
the two swimming techniques, it is imperative to use the same motion phase definition to assess the 96 
difference in IdC between the techniques at a wide range of v and its potential effect on ηF.  97 
Quantifying DA in front crawl and backstroke is also very challenging due to the difficulty of 98 
measuring propulsive and resistive forces directly. It has been reported that pressure drag (Dp) is 99 
related to the body frontal (cross-sectional) area perpendicular to the swimming direction, which is 100 
similar between front crawl and backstroke (Gatta et al., 2015). Based on this result, it was also 101 
suggested that Dp of the two techniques is similar, assuming that the drag coefficient was 0.3 and 102 
constant (Gatta et al., 2015).  103 
However, it has been reported that it is more appropriate to use the wetted area as a reference area 104 
than the cross-sectional area for most of animal swimming forms except animals with a simple form 105 
and low Reynolds number (Alexander, 1990). The wetted area is difficult to assess directly; however, 106 
underwater body volume (UWVbody) could be mathematically estimated from a 3D motion analysis 107 
(Yanai, 2001). Even though the surface area and volume are not the same concepts, these two 108 
variables should be strongly linked in a within-participant analysis. In other words, investigating 109 
UWVbody can be useful to indirectly investigate DA. 110 
Besides the indirect approaches, there are three methods for assessing DA that can be used for both 111 
front crawl and backstroke: the velocity perturbation and the assisted towing methods (Kolmogorov 112 
and Duplishcheva, 1992;Alcock and Mason, 2007) that only estimate DA at the maximal effort of 113 
swimmers; and the measuring residual thrust (MRT) method (Narita et al., 2017) that can be used to 114 
quantify DA in both front crawl and backstroke at a controlled v. The MRT method is conducted in a 115 
flume with two wires attached to the swimmer’s body that are connected to load cells at front and 116 
back of the flume, thereby fixing the swimmer at a certain location in the flume and measuring the 117 
force needed for the wires to fix the swimmer at the specific location (residual thrust). The swimmer 118 
is required to swim at nine different flow velocities without changing his/her motion, and DA at the 119 
target velocity can be computed by establishing a regression curve plotting the residual thrust as a 120 
function of the flow velocity. The MRT method requires swimmers to have an adequate motor-skill 121 
to reproduce the same motion despite environmental (flow velocity) changes. Therefore, only 122 
swimmers who have sufficient flume and protocol familiarisation can be tested. The accuracy of this 123 
method has not been established since obtaining the true active drag value during swimming is 124 
currently not possible due to a complex unsteady state of the water during swimming (Samson et al., 125 
2017). However, the day-to-day variability of this method to assess DA of the same swimmers was 126 
reported to be around 3.0-6.5 % (Narita et al., 2017). This suggests that a difference in DA between 127 
different techniques larger than approximately 6.5 % can be considered as a meaningful result.  128 
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To summarise, it is currently unknown if DA differs between front crawl and backstroke at the same 129 
speed despite the similar cross-sectional area of the body during the two techniques. There is 130 
evidence suggesting a higher ηF in front crawl than in backstroke at a low v, but it is also unclear if 131 
the ηF differs across a wide range of v between the techniques. Therefore, the purpose of the present 132 
study was to investigate the differences in ηF and DA using a 3D motion analysis and the MRT 133 
method. Based on the evidence provided in the extant literature, it was hypothesised that ηF would be 134 
higher in front crawl than in backstroke, and DA would be similar between the two techniques.  135 
 136 
2 Materials and Methods 137 
2.1 3D motion analysis 138 
2.1.1 Participants 139 
Participants for the 3D motion analysis were ten male competitive swimmers (17.47 ± 1.00 years, 140 
179.14 ± 5.43 cm, and 69.94 ± 6.54 kg), and their best records were 54.50 ± 1.23 and 60.56 ± 1.29 s 141 
in short course 100 m freestyle and backstroke, respectively. The participants trained regularly at 142 
least eight times per week, and the mean FINA point scoring for the best record in their specialised 143 
event was 600.20 ± 50.81 at the time of the data collection. Participants were informed about the 144 
procedures, benefits, and potential risks of the study (reviewed and approved by the ethics committee 145 
of the university based on the British Association of Sport and Exercise Sciences guidelines), and 146 
they (and a legal gurdian for minors) provided written informed consent. 147 
 148 
2.1.2 Testing procedure 149 
The testing session was conducted in a 25 m indoor pool and consisted of four 50 m trials for each 150 
technique with 83, 88, 93, and 100 % of their backstroke maximum effort (83%BSvmax, 88%BSvmax, 151 
93%BSvmax, and 100%BSvmax, respectively) for both techniques to compare outcome variables of 152 
front crawl and backstroke at the same v. The testing v was determined individually by a pilot study, 153 
and 83, 88, and 93 % of the maximum v correspond to 400, 200, and 100 m v in front crawl 154 
according to a dataset provided in a previous study (Seifert et al., 2004). Throughout the testing, v 155 
was instructed by a visual light pacer (Pacer2, GBK-Electronics, Aveiro, Portugal) composed of a 25 156 
m long cable with 26 LED lights for each metre from 0 to 25 m points. The pacer was located at the 157 
bottom of the pool for front crawl and attached to a stainless wire above the pool for backstroke. 158 
The trials were recorded by six (four underwater and two above the water) digital video cameras 159 
(Sony, HDR-CX160E, Tokyo, Japan, with 50 fps sampling frequency, 1/120 s shutter speed, and 160 
1920×1080/50p movie resolution) that were synchronised using a LED system. The preparation for 161 
the participants and the testing lane calibration for the 3D motion analysis were conducted as 162 
previously described (Gonjo et al., 2018), and 3D coordinate data of 19 anatomical landmarks (the 163 
vertex of the head, the right and left of the: tip of the third distal phalanx of the finger, wrist axis, 164 
elbow axis, shoulder axis, hip axis, knee axis, ankle axis, fifth metatarsophalangeal joint, and the tip 165 
of first phalanx) were obtained to calculate CM location of the body using manual digitising with a 166 
sampling frequency of 25 Hz. 167 
 168 
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2.1.3 Data processing and analysis 169 
Video files of each trial were trimmed in Ariel Performance Analysis System software (APAS: Ariel 170 
Dynamics, Inc, CA) so that one upper limb cycle (from a wrist entry to the subsequent entry of the 171 
same wrist) with five extra points before and after the cycle was included in the video files, which 172 
were extrapolated by reflection to an additional 20-30 points beyond the start and finish of the cycle. 173 
This strategy was to minimise errors associated with filtering and derivation of velocity data. 174 
However, it has been reported that 25 Hz digitising with this strategy still causes a larger endpoint 175 
data distortion due to filtering compared with 50 Hz digitising with ten extra points (Sanders et al., 176 
2015a). Therefore, the additional 20-30 points were individually adjusted for each swimmer and trial 177 
to minimise the distortion. The digitising process was conducted with the APAS software, and a 4th 178 
order Butterworth filter with a 4 Hz cut-off frequency was applied for data smoothing.  179 
Before calculating variables, the treated coordinate data were converted to 101 points representing 180 
percentiles of the stroke cycle time. CM location was determined by summing the moments of the 181 
segment CM about the X, Y, and Z right-hand reference axes (forward, upward, and lateral 182 
directions, respectively). Personalised body segment parameter data used for the CM calculation 183 
were obtained by the elliptical zone method (Jensen, 1978) with a digitising method using a 184 
MATLAB programme (Sanders et al., 2015b). vCM was obtained by differentiating the X-185 
displacement of CM over the whole stroke cycle by the time taken for the cycle. SF (cycles·min-1) 186 
was obtained as the inverse of the time that the swimmer took to complete one upper limb cycle, and 187 
SL (m·cycle-1) was obtained from the X-displacement of CM during the upper limb cycle (McCabe et 188 
al., 2011;McCabe and Sanders, 2012).  189 
The wrist markers were assumed to represent the motion of the hands, and the mean 3D wrist speed 190 
during the underwater phase (3Duwrist: m·s
-1) with the duration contains 101 samples was calculated 191 
by  192 
 193 
𝟑𝑫𝒖𝒘𝒓𝒊𝒔𝒕 = (∑
√(𝒅𝒙𝒌+𝟏−𝒅𝒙𝒌)𝟐 + (𝒅𝒚𝒌+𝟏−𝒅𝒚𝒌)𝟐+(𝒅𝒛𝒌+𝟏−𝒅𝒛𝒌)𝟐
𝑻𝒊𝒏𝒕𝒆𝒓𝒗𝒂𝒍
𝟏𝟎𝟎
𝒌=𝟏 ) ∙ 𝟏𝟎𝟎
−𝟏  (2) 194 
 195 
Where dx, dy, and dz are X-, Y-, and Z-displacement of the wrist relative to CM, and Tinterval is the 196 
time interval between each sample. In accordance with Figueiredo et al. (2011),  ηF was then 197 
computed by  198 
 199 
𝜼𝑭 = 𝒗𝑪𝑴 ∙ 𝟑𝑫𝒖 𝒘𝒓𝒊𝒔𝒕 
−𝟏 (3) 200 
 201 
The mean volume of the body (UWVbody) during one upper limb cycle was calculated by summing the 202 
volume of each segment in the water. The underwater segment volumes (UWVsegment) of the head, 203 
upper-, and lower-limbs were calculated using the following equation, assuming that each segment 204 
was symmetrical around its long axis and has uniform density. 205 
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 206 
𝑼𝑾𝑽𝒔𝒆𝒈𝒎𝒆𝒏𝒕 = 𝑽𝒔𝒆𝒈𝒎𝒆𝒏𝒕  ∙ (𝑼𝑾𝑳𝒔𝒆𝒈𝒎𝒆𝒏𝒕 ∙ 𝑳𝒔𝒆𝒈𝒎𝒆𝒏𝒕
−𝟏)       (4) 207 
 208 
Where Vsegment is the volume of the segment derived from the elliptical zone method, UWLsegment is the 209 
length of the segment under the water surface (Y-displacement = 0), and Lsegment is the length of the 210 
segment. Since the thorax and abdomen are large segments where the rotation about the long axis 211 
cannot be ignored, a different approach was applied. For those segments, each segment was divided 212 
into 100 sub-segments (Figure 2), and the rate of underwater volume to the total volume of thorax 213 
and abdomen was estimated by obtaining the sum of the underwater length of all sub-segments and 214 
calculating the rate of it to the sum of the whole length of the sub-segments. The obtained rate was 215 
then multiplied by the volume of thorax and abdomen acquired by the elliptical zone method to 216 
estimate the underwater volume of those segments.  217 
 218 
**Figure 2 around here** 219 
 220 
Upper-limb bilateral coordination (the index of coordination: IdC) was also quantified as the lag time 221 
between left and right propulsive phases, which was from the beginning of the backward movement 222 
relative to the external reference frame until the wrist exit from the water (Figueiredo et al., 2013). 223 
Even though IdC has often been calculated differently between front crawl and backstroke (Chollet et 224 
al., 2000;Seifert et al., 2004;Chollet et al., 2008), the same definition was applied to both techniques 225 
to compare IdC between the two swimming techniques with the same standard.   226 
 227 
2.2 MRT method 228 
2.2.1 Participants 229 
The MRT method requires swimmers to perform in a flume and contains a complex testing protocol, 230 
as described in the introduction. In other words, sufficient experience in the testing environment and 231 
protocol is required for swimmers. Therefore, a different group of swimmers (who were experienced 232 
in both swimming in the flume and the protocol) from the 3D motion analysis were recruited for the 233 
MRT testing. The participants were six male national and international level competitive swimmers 234 
(21.50 ± 1.97 years, 175.83 ± 6.79 cm, and 69.17 ± 7.00 kg) whose 100 m long course best record for 235 
front crawl and backstroke were 52.95 ± 1.55 and 58.87 ± 3.33 s, respectively. The mean FINA point 236 
scoring of the participants was 760.82 ± 76.75, and they regularly completed at least nine training 237 
sessions per week at the time of the data collection. They had a minimum of six months of regular 238 
flume-swimming experience (including MRT testing protocol familiarisation) and were specialised in 239 
either backstroke or the individual medley. The testing procedures and potential risks were explained 240 
to the participants, and each swimmer provided written informed consent.  241 
 242 
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2.2.2 Testing procedure, data processing, and data analysis 243 
After performing their individual warm-ups in an indoor pool, the testing was conducted in a flume 244 
with 5.5 m length, 2.0 m width, and 1.2 m depth (Igarashi Industrial Works Co. Ltd.) that the 245 
swimmers used in their regular training and testing. Two tri-axial load cells were positioned at the 246 
front and back of the flume, and swimmers were fixed at the centre of the flume by two wires that 247 
were connected to the load cells, which measured the residual thrust produced by the swimmer 248 
toward the swimming direction. The target velocity was 1.2 m· s–1, which was the same for all 249 
participants to minimise any potential environmental differences among participants (e.g. the effects 250 
of the boundary layer between the flowing water and the wall/floor of the flume).  251 
MRT is based on a least-squares quadratic curve fitting, meaning that more than three trials at 252 
different speeds should be conducted. Therefore, in addition to the target velocity trial, eight other 253 
trials (four with smaller and four with larger flow velocities than the target velocity) were assigned to 254 
swimmers to obtain an adequate curve fitting, i.e., the testing velocities were 1.00, 1.05, 1.10, 1.15, 255 
1.20, 1.25, 1.30, 1.35, and 1.40 m· s–1. The target velocity was established by a pilot testing where 256 
swimmers could maintain their stroke kinematics at all nine flow velocity conditions (i.e. at velocities 257 
above 1.40 m· s–1, it was difficult for swimmers to maintain the same motion as the target velocity 258 
condition due to fatigue or the flow accelerating their upper limbs). SF of swimmers was controlled 259 
by a portable waterproof metronome (Tempo trainer Pro; FINIS, Inc., USA) during the nine trials to 260 
assist swimmers maintaining their stroke kinematics in all trials. To determine the guide SF, 261 
swimmers undertook one additional swimming trial with each swimming technique in the flume at 262 
the target velocity before the MRT trials. The SF during the pre-testing was obtained by video 263 
analysis and used as the guide SF at all nine trials.  264 
The residual force swimmers produced (or experienced) was measured for 10 s at a sampling 265 
frequency of 50 Hz. Using the mean residual force at each flow velocity condition (1.00 – 1.40 m· s–266 
1), DA at 1.20 m· s
–1 was estimated by obtaining the residual thrust at zero flow velocity using a least-267 
square quadratic curve fitting. Since swimmers were supposed to maintain the same motion as they 268 
did at 1.20 m· s–1 in all nine trials, the estimated residual thrust at zero flow velocity was assumed to 269 
be equivalent to the mean propulsive and resistive forces at a free-swimming condition with the 270 
target velocity. More detail of the procedure is provided by Narita et al. (Narita et al., 2017;2018). 271 
 272 
2.3 Statistical analysis 273 
The normality of all datasets was checked and confirmed using the Shapiro-Wilk test. In the 3D 274 
motion analysis, a two-way repeated-measures ANOVA was used with the techniques and trials as 275 
two factors to assess the differences in SF, SL, ηF, and IdC between the two techniques. Results 276 
corrected by the Greenhouse-Geisser procedure were used if the Mauchly's sphericity assumption 277 
was violated (Field, 2007). When a significant interaction was observed in the two-way repeated-278 
measures ANOVA test, simple main effect analysis was conducted using a paired t-test with the 279 
Bonferroni adjustment. In the MRT method, a paired t-test was used to compare DA between front 280 
crawl and backstroke. Both analyses were conducted using IBM SPSS Statistics 24 (IBM 281 
Corporation, Somers, NY, USA). Statistical significance was set at p < 0.05. 282 
 283 
 284 
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3 Results 285 
In the 3D motion analysis, there were significant main effects of the techniques (p<0.01) and trials 286 
(p<0.05) in all variables (Table 1). SF, SL, ηF, and IdC in front crawl were 3.5-7.7 % lower, 5.9-11.9 287 
% longer, 28.6-33.7 % larger, and 13.1-15.3 % lower than in backstroke, respectively (Table 2), with 288 
no interaction between the techniques and trials. These results mean that swimmers achieved lower 289 
SF, longer SL, higher ηF, and lower IdC in front crawl than in backstroke to achieve the same v, 290 
regardless of the magnitude of v. 291 
On the other hand, there was an interaction between swimming techniques and trials in UWVbody with 292 
swimmers showing lower UWVbody in front crawl than in backstroke by 3.5-4.5 % in all trials (all 293 
p<0.001; Fig 3). In front crawl, UWVbody differed between each trial apart from 88%BSvmax vs 294 
93%BSvmax. On the other hand, swimmers exhibited the differences only between 88%BSvmax vs 295 
93%BSvmax and between 88%BSvmax vs 100%BSvmax in backstroke (Figure 3). 296 
 297 
**Figure 3 around here** 298 
 299 
In MRT testing, all swimmers showed higher DA in backstroke than in front crawl with the average 300 
DA among the swimmers being higher by 25 % in backstroke than in front crawl (80.2 ± 12.1 vs 64.1 301 
± 10.5 N; p<0.05; Figure 4). 302 
 303 
**Figure 4 around here** 304 
 305 
4 Discussion 306 
The purpose of this study was to assess the differences in ηF and DA between front crawl and 307 
backstroke using a 3D motion analysis and the MRT method, testing two hypotheses; ηF would be 308 
higher in front crawl than backstroke; and DA would be similar between the two techniques. Counter 309 
to our second hypothesis, one of the main findings of the present study was higher DA in backstroke 310 
than in front crawl, which was indirectly and directly supported by both 3D motion analysis and the 311 
MRT method, respectively. In swimming, DA can be explained by Dp, the wave drag (Dw), and the 312 
friction drag (Df), and the primary source of DA is Dp (Pendergast et al., 2006). The magnitude of the 313 
total drag is determined by the drag coefficient, water density, reference area and v, and the reference 314 
area particularly affects Dp as this drag component largely depends on the shape and size of the body 315 
in the water (Alexander, 1990). 316 
In swimming research, the cross-sectional area has often been used as the reference area, and it has 317 
been suggested that DA is similar between front crawl and backstroke if the drag coefficient and v are 318 
identical because the cross-sectional area is similar between the two techniques (Gatta et al., 2015). 319 
However, it has been reported that use of the cross-sectional area in most of animal swimming forms 320 
is inappropriate because the shape of many swimming animals is too complex to assume the cross-321 
sectional area as the reference area (Alexander, 1990). In the 3D motion analysis, UWVbody in 322 
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backstroke was larger than that in front crawl. Given the impact of the definition of the surface area 323 
on Dp and that the wetted area is more suitable as the reference area than the cross-sectional area in 324 
animal swimming (Alexander, 1990), the difference in UWVbody indirectly suggests the possibility of 325 
distinct Dp between front crawl and backstroke.  326 
The difference in UWVbody also suggests a possibility of distinct Df between front crawl and 327 
backstroke. Df is determined by the roughness of the body surface that is exposed to the water 328 
(Marinho et al., 2009). The larger UWVbody in backstroke than in front crawl implies that a larger area 329 
of the body was in the water in backstroke than in front crawl. Therefore, Df in backstroke might 330 
have also been greater compared with front crawl. During swimming on the water surface, DA is also 331 
affected by Dw, which is increased with almost the cube of v (Vennell et al., 2006), and it has been 332 
reported that Dw is critical over 1.7 m·s
-1 (Toussaint, 2002). However, DA was assessed at a much 333 
slower speed than 1.7 m·s-1 in the present study; consequently, it is reasonable to conclude that the 334 
other drag components (Dp and Df) were the primary determinants of DA in the current study.  335 
Adding to the indirect evidence from the 3D motion analysis suggesting higher DA in backstroke than 336 
in front crawl, the result from the MRT analysis clearly shows that front crawl has less DA than 337 
backstroke. In the MRT method, the result only shows the total drag, and the drag components 338 
cannot be obtained. However, given that the tested speed is low (1.2 m/s) where the wave drag effect 339 
on the total drag is small (Vennell et al., 2006), it is likely that the difference was either/both due to 340 
distinct Dp or/and Df between the techniques.  341 
Since the 3D motion analysis and the MRT analysis were conducted using a different group of 342 
swimmers, it is difficult to link the information obtained from the two analyses. However, the present 343 
study was focusing on differences in a within-participants factor (techniques) rather than a between-344 
participants factor (swimmers), and both groups directly or indirectly showed higher DA in 345 
backstroke than in front crawl. This is an important fact that different testing settings with different 346 
groups of swimmers both suggested the same conclusion, which strengthened the probability of the 347 
difference in DA between the techniques.  348 
Given that the cross-sectional area is not different between front crawl and backstroke (Gatta et al., 349 
2015), the difference in UWVbody was probably due to the body alignment rather than the position of 350 
the entire body relative to the water surface. One potential explanation is that the position of the head 351 
and shoulder might be higher in front crawl than backstroke due to the hydrodynamic force produced 352 
by the downward motion of the hand at the beginning of the stroke. Figure 5 shows the wrist 353 
trajectory of a participant in front crawl and backstroke from the frontal view as an example. During 354 
the period between hand entry and the beginning of the backward movement of the hand relative to 355 
the external reference frame (entry phase), the primary hand motion in front crawl is downward, 356 
whereas sideways motion is dominant in backstroke. Because of this difference, it is likely that the 357 
upward component of the hydrodynamic force was greater in front crawl than in backstroke and 358 
resulted in the difference in UWVbody between the techniques. However, this hypothesis needs to be 359 
further investigated to establish the relationships between the hand trajectory, hydrodynamic forces, 360 
body alignment, and UWVbody. 361 
 362 
**Figure 5 around here** 363 
 364 
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It has been reported that front crawl and backstroke have similar SF and SL at a low swimming 365 
velocity (Gonjo et al., 2018). The similar SF and SL reported in the previous study are in conflict 366 
with the present study (higher SF and shorter SL in backstroke than in front crawl), which can be 367 
explained by the potential difference in DA. In the present study, the testing speed was about 20-45 % 368 
higher than Gonjo et al. (2018), who tested swimmers below the anaerobic threshold. Since DA 369 
increases with the square or cube of the swimming velocity (Barbosa et al., 2010;Narita et al., 2017), 370 
the difference in DA between the techniques should also become large in a high swimming velocity 371 
condition. Consequently, DA in Gonjo et al. (2018) might not have been so critical that did not 372 
produce differences in SF and SL, whereas the effect was likely much larger in the present study 373 
compared with the previous study.  374 
In the 3D motion analysis, ηF exhibited significant main effects of the technique and trial without a 375 
significant interaction, which suggested that front crawl is more efficient than backstroke regardless 376 
of the magnitude of v, and therefore the first hypothesis was supported. Combining the probable 377 
difference in DA between the techniques and the result of ηF, it is likely that swimmers have a higher 378 
energy cost in backstroke than in front crawl since the energy cost is positively and negatively related 379 
to the work required to overcome the drag and ηF, respectively (Di Prampero et al., 1974;Zamparo et 380 
al., 2011). In other words, the energy cost in backstroke is probably higher than in front crawl due to 381 
a dual effect of larger DA and lower ηF. The possibility of higher energy cost in backstroke than in 382 
front crawl is also supported by Gonjo et al. (Gonjo et al., 2018) who reported a distinct energy cost 383 
between the techniques at v below the anaerobic threshold.  384 
In the present study, swimmers had higher IdC in backstroke than in front crawl. From the slowest to 385 
fastest trials, swimmers increased IdC by 6.4 and 4.2 % in front crawl and backstroke, respectively, 386 
without an interaction effect (techniques × trials). These results suggested that swimmers increase 387 
their IdC when incrementing their v in both techniques, with backstroke always exhibiting higher IdC 388 
at the same v, meaning that backstroke had a shorter gap in time between the left and right propulsive 389 
motion. This was counter to our expectation since the extant literature reported higher IdC in front 390 
crawl than in backstroke (Seifert et al., 2004;Chollet et al., 2008). The IdC calculated in the present 391 
study was generally lower in front crawl, and higher in backstroke, than IdC presented in the 392 
literature. 393 
The difference in IdC between the present study and the literature in front crawl was probably due to 394 
the difference in the method of quantifying the coordination. In the current study, IdC was obtained 395 
using the upper limb kinematics based on the external reference frame, whereas many studies using 396 
IdC to assess inter-limb coordination use the video observation, sometimes using panning video 397 
footage, without obtaining the global coordinates. Swimmers start moving their hand backwards 398 
relative to their body before the hand starts travelling backwards relative to the water due to the 399 
forward body motion. Therefore, the propulsive phase duration might be shorter (due to the distinct 400 
point of the beginning of the phase) in the definition using the external reference frame than that 401 
using the video observation, thereby affecting the underestimation of IdC.  402 
The opposite tendency in the difference between the present study and the literature in backstroke 403 
was probably due to the distinct definition of the end of the propulsive motion. In the extant 404 
literature, the propulsive motion in backstroke has been considered to finish at the end of the second 405 
down-sweep motion (Chollet et al., 2008). On the other hand, the present study defined the end of the 406 
propulsive motion as the wrist exit. Therefore, the propulsive phase in the present study is likely to 407 
be longer than in the other studies, and consequently, the time gap between the left and right 408 
propulsive motion is shorter than the previous studies. In fact, a previous study (Lerda and Cardelli, 409 
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2003) used a similar definition as the current study and reported IdC value of 0.13 % at v 410 
corresponding to 50 m race, which is comparable to the IdC in the present study.   411 
Since the definition of IdC in this study differs from that in many other studies, it is not appropriate 412 
to compare the absolute IdC value obtained in the current study with that in the literature. However, 413 
the present study used the same definition as Figueiredo et al. (2013), who reported that IdC is 414 
inversely correlated with ηF. This evidence supports the possibility that the decrease in ηF was partly 415 
due to the increase in IdC in both swimming techniques, and the higher ηF in backstroke than in front 416 
crawl could also be explained by the difference in IdC. More specifically, the larger IdC contributed 417 
to the higher SF  in backstroke than in front crawl as those variables are positively associated 418 
(Chollet et al., 2000;Chollet et al., 2008), which resulted in the lower ηF in backstroke since SF and 419 
ηF have an inverse relationship when the upper-limb motion is described as a simplified model 420 
(Zamparo et al., 2005).  421 
The present study has three limitations. The first limitation was the lack of the link between the lower 422 
limb kinematics and ηF. Even though swimmers perform similar lower limb motion (six flutter kicks) 423 
in both front crawl and backstroke, the mechanism of the kicking might differ between the techniques 424 
due to the distinct ventral and dorsal posture. Nevertheless,  the effect of lack of lower limb 425 
information should be minor since the net contribution of the kicking to propulsion is small (about 15 426 
%) and similar between the techniques (Bartolomeu et al., 2018).  427 
The second limitation is the assumption that swimmers can maintain their motion when controlling 428 
SF in the MRT method. The MRT method is based on several trials with different flow velocity in a 429 
flume, and yet swimmers should maintain a given motion and SF to calculate DA. It is possible that 430 
swimmers slightly change their relative duration of the underwater and recovery phases even if they 431 
maintain a required SF because of the changes in the flow velocity. However, this study used the 432 
same flow velocity conditions in both front crawl and backstroke, and the error due to the task 433 
(maintaining the motion with different flow velocity condition) should be systematic and of similar 434 
magnitude in front crawl and backstroke. This means that even if the absolute DA values in the 435 
present study contain systematic errors, the effect of the error on the magnitude of the difference in 436 
DA between the two techniques should be small. In fact, the difference in DA between the two 437 
techniques in the present study (25 %) was much larger than the test-retest error (3.0-6.5 %) reported 438 
in the literature (Narita et al., 2017). 439 
The third potential limitation is the sample size (ten and six swimmers in the motion analysis and the 440 
MRT method, respectively). Small sample size does not affect the Type I error possibility but 441 
increase the risk of Type II error (Harmon and Losos, 2005), which is the probability of incorrectly 442 
accepting the null hypothesis. Thus, any results that do not show statistical difference or effect should 443 
be treated carefully when testing with low sample size. However, in the current study, all non-444 
significant results showed p-value far from the alpha level (p ≥ 0.20), and it is unlikely that some 445 
results were incorrectly interpreted as non-significant.  446 
In conclusion, swimmers can swim more efficiently with smaller DA in front crawl than in backstroke 447 
at the same v. Front crawl also has longer SL, lower SF, and smaller IdC than backstroke at the same 448 
v up to backstroke maximum speed. Detailed causes of the difference in DA between the two 449 
techniques and potential differences in the lower limb kinematics and its effect on the performance 450 
should be further investigated. The findings of the current study imply that backstroke is more 451 
physically demanding than front crawl swimming. Coaches should consider this difference between 452 
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the two techniques when prescribing training to front crawl and backstroke swimmers (e.g., 453 
prescribing lower intensity or volume for backstroke swimmers) to avoid overtraining.  454 
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  550 
  
Table 1. F, p, and eta-squared (η2) values obtained from a two-way repeated-measures ANOVA for the kinematic variables.  551 
  
Main effect Interaction 
Techniques Trials Techniques × Trials 
SF  
F=14.69 
(p<0.01, η2=0.62) 
F=131.32  
(p<0.001, η2=0.94) 
F=0.66 
 (p=0.59, η2=0.06) 
SL 
F=16.40  
(p<0.01, η2=0.67) 
F=63.15 
(p<0.01, η2=0.86) 
F=1.25 
(p=0.31, η2=0.12) 
UWVbody  
F=110.67 
(p<0.001, η2=0.93) 
F=25.30  
(p<0.001, η2=0.74) 
F=3.40 
(p<0.05, η2=0.27) 
ηF 
F=125.45  
(p<0.001, η2=0.93) 
F=24.68  
(p<0.001, η2=0.73) 
F=1.68  
(p=0.20, η2=0.16) 
IdC 
F=111.80 
(p<0.001, η2=0.93) 
F=19.21 
(p<0.001, η2=0.68) 
F=0.38 
(p=0.63, η2=0.04) 
SF, Stroke frequency; SL, Stroke length; UWVbody, Underwater body volume;  ηF, Froude efficiency;  IdC, The index of coordination  
 552 
  553 
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Table 2. Mean (Standard deviation) of the kinematic variables obtained by the three-dimensional motion analysis.  554 
Kinematic variables 83% BSvmax 88% BSvmax 93% BSvmax 100% BSvmax 
Front crawl  
SF (cycles∙min-1) 29.38 (3.08) 31.34 (3.79) 34.64 (5.17) 42.67 (4.63) 
SL (m∙cycle-1) 2.63 (0.20) 2.66 (0.22) 2.55 (0.25) 2.21 (0.16) 
UWVbody (litre) 60.54 (5.18) 60.15 (5.33) 60.08 (5.28) 59.35 (5.14) 
ηF 0.47 (0.02) 0.46 (0.06) 0.44 (0.04) 0.41 (0.04) 
IdC (%) -19.11 (1.76) -16.68 (4.34) -16.29 (3.13) -12.72 (3.85) 
Backstroke 
SF (cycles∙min-1) 30.44 (4.63) 33.24 (3.73) 37.53 (5.31) 44.81 (4.68) 
SL (m∙cycle-1) 2.48 (0.22) 2.44 (0.20) 2.28 (0.22) 2.07 (0.17) 
UWVbody (litre) 62.67 (5.20) 62.69 (5.12) 62.38 (5.10) 62.08 (4.69) 
ηF 0.35 (0.02) 0.35 (0.03) 0.34 (0.02) 0.32 (0.01) 
IdC (%) -3.86 (4.09) -2.43 (3.89) -1.93 (4.31) 0.40 (5.31) 
BSvmax, backstroke maximum velocity;  SF, Stroke frequency;  SL, Stroke length;  UWVbody, Underwater body volume;                                                                                                                              
ηF, Froude efficiency; IdC, The index of coordination  
 555 
 556 
 557 
 558 
  
Figure 1. A diagram of the energy conversion and efficiency in swimming (adapted from Daniel 559 
1991). ηO, overall efficiency; ηP, propelling efficiency; ηH, hydraulic efficiency; ηF, Froude efficiency 560 
 561 
Figure 2. Sub-segments for the thorax and abdomen used to calculate the underwater volume of each 562 
part. 563 
 564 
Figure 3. Differences in the underwater volume between each trial and technique. 565 
 566 
Figure 4. Mean and individual active drag in front crawl and backstroke obtained by the measuring 567 
residual thrust method (* p<0.05).  568 
 569 
Figure 5. Frontal view of a whole-body stick figure and the wrist trajectory in front crawl and 570 
backstroke 571 
 572 
